Recently we are witnessing the boom of high-pressure science and technology from a small niche field to becoming a major dimension in physical sciences. One of the most important technological advances is the integration of synchrotron nanotechnology with the minute samples at ultrahigh pressures. Applications of high pressure have greatly enhanced our understanding of the electronic, phonon, and doping effects on the newly emerged graphene and related 2D layered materials. High pressure has created exotic stoichiometry even in common Group 17, 15, and 14 compounds and drastically altered the basic s and p bonding of organic compounds. Differential pressure measurements enable us to study the rheology and flow of mantle minerals in solid state, thus quantitatively constraining the geodynamics. They also introduce a new approach to understand defect and plastic deformations of nano particles. These examples open new frontiers of high-pressure research.
Introduction
High-pressure research has been advancing rapidly during the last decades, thanks to the concerted development of various pressure devices and probing technology. The migration of numerous dedicated synchrotron techniques to highpressure research has greatly impacted fundamental physics, chemistry, Earth, and materials sciences.
Recent discoveries in high-pressure condensed matter physics include the metallization of hydrogen, quantum criticality, high T c superconductors, polyamorphism, and exotic metals. High pressure can dramatically decrease the atomic volume and increase the electronic density of the reactants, which will result in novel and special chemical reactivity, kinetics and the reaction mechanisms. Particularly noticeable are the pressure induced transitions in elements, molecular compounds, ionic compounds, and high pressure chemistry reaction assisted by photochemistry and electrochemistry. The rheological properties of Earth and planetary materials can now be well characterized with controlled strain rate at high pressures using synchrotron X-ray diffraction and imaging. The dislocation and grain rotation of nanomaterials can be quantitatively studied with pressure tuning.
The impact of the pressure dimension has expanded rapidly to cover a wide domain of physical sciences. It will not be possible to have a comprehensive coverage of the entire frontiers in this article. Instead, we will focus on the advances of several selected areas of great potentials, and present short summaries, highlights, and recent developments. Moreover, the subjects will be limited mostly to static compressions.
High-pressure synchrotron X-ray probes
High pressure is a technology dictated science. Over the century-long development of high-pressure technology, record pressures doubling that at the center of the Earth [1] can be reached with a minute amount of sample. Synchrotron developments have been one of the major driving forces for the recent breakout of high pressure activities [2] . By taking advantage of the third generation synchrotron sources and fast advanced X-ray optics development, high pressure community has benefited from various techniques to a new level of high pressure studies: like the high brilliance for ultra small focused beam [3] , tunability for spectroscopy and resonant scattering [4] , circular and linear polarization for magnetic study [5] , high energy resolution inelastic scattering for dynamical properties [6] , coherence imaging for ultra-sensitive phase contrast for even very light materials at tens of nanometer scale [7] , high energy scattering for disordered system, amorphous and liquid phases [8] , etc. Traditional highpressure study mainly focused on the static study, the timeresolved techniques will allow us to study material behavior far from equilibrium and have snap shot during the dynamic process. It is the golden time for integrating these advanced techniques coherently to solve the real world complicated system and understand the materials behavior under extreme environment from all aspects to achieve ground-breaking results. Here we focus on a few highlight works with these advanced probes.
Local ordering from sub-nanometer resolution with high-energy X-ray diffraction
Under high pressure, material usually consists of highly deformed pieces and turns to very fine crystallites, which causes the severe broadening of X-ray powder diffraction peaks. Although Scherrer equation can be used to de-convolute the strain and particle size effect from the diffraction peak width vs. diffraction angle, it is often hard to distinguish the heavy deformation of nanoparticle from the amorphous states. Atomic resolution transmission electron microscopy has been used as the major tool to probe the microstructure with resolution at subnanometer and even sub-angstrom scale from direct high resolution imaging technique. High-energy X-ray diffraction from the other end provides wider Q-coverage (reciprocal space) diffraction information, and upon the Fourier transformation, one can obtain the real space pair distribution function (PDF) distribution at atomic bonding distances. For nano-and amorphous-materials research under high pressure, the high energy PDF study would provide a unique characteristic tool to understand the deformation mechanism and structure stability at atomic scale. For the case of nano-sized Y 2 O 3 particles, there is a critical size effect discovered with the PDF tools [9] , where 16 nm Y 2 O 3 shows totally different structure stability and phase transition route comparing to 21 nm Y 2 O 3 particle, while the latter one behaves in the same way as bulk materials. Ta 2 O 5 has a unique crystal structure with a very long a lattice comparing to the other axes (a ¼ 43.997 Å, b ¼ 3.894 Å, c ¼ 6.209 Å with a Pmm2 space group) [10] . Looking at the bonding structure along a, there are several weak bonded connections. High energy PDF was applied to the in-situ high pressure structure study, and clear local bonding breakage can be seen at different pressure stage (Fig. 1 ). For comparing with the traditional atomic resolution TEM characterization, samples recovered from different pressure stages were checked with TEM, and the clear local order/disorder atomic re-arrangement can be seen which matches the PDF study very well [10] , in which combining the traditional TEM probe, high energy PDF demonstrates the super powerful capability for the in-situ local bonding (sub nanometer) order/disorder characterization.
Nanoscale deformation imaging with the coherent scattering probe
The evolution of morphology and internal strain under high pressure fundamentally alters the physical property, structural stability, phase transition and deformation mechanism of materials. Until now, only averaged strain distributions have been studied. To improve our fundamental understanding of the deformation mechanism, we need to probe individual nano grains under extreme conditions. For doing so, a much higher spatial resolution probe is required. The Bragg coherent X-ray diffraction imaging (CXDI) technique is a promising tool to probe the internal strain distribution and grain shape during the plastic/elastic deformation of individual nanometer-sized single crystals. Coherence diffraction can be realized by setting an entrance slit smaller than the transverse coherence length and an X-ray sensitive area detector at far field to catch the Fourier scattering with high resolution. The thirdgeneration sources of synchrotron radiation using undulators and the upcoming multi-bend Achromat lattice upgrade for major large synchrotron sources have provided a great source to ensure coherence with a practical flux level to conduct experiment. As the coherent X-rays pass through a distorted crystal, both the scattering intensity and phase will be affected. Bragg CXDI operates by inverting three-dimensional (3D) diffraction patterns in the vicinity of Bragg peaks to real-space images using phase retrieval algorithms [11] . In the resulting images, the reconstructed magnitude represents the electron density of the crystal, while the obtained phases are attributed to lattice distortions projected onto the Bragg direction.
The typical experimental setup is shown in Fig. 2(a) . A coherent X-ray beam illuminates the sample in a diamond anvil cell (DAC), where the studied crystal is aligned to the rotation center to allow the three dimensional phase retrieval. An X-ray sensitive area detector is placed at far field to catch the Bragg scattering intensity. With a phase retrieval algorithm, the reciprocal space diffraction information is Fourier transformed to the real space with multiple iterations till convergence of both amplitude and phase is reached. The amplitude is proportional to the electron density, while the phase part is used to characterize the strain field. This has been well used to construct the shape and internal strain distribution after the plastic deformation under high pressure at different pressure environment in a 400 nm sized gold particle [12] . Fig. 2(b) shows the shape and strain evolution in this nanogold particle under pressure up to 6.4 GPa. One can see the shape evolution at various pressure which corresponds to the single crystal rheology as activated dislocations are created and pass through the crystal; while the strain evolution gives the local lattice distortion. A continuous evolution of a nanoparticle at constant pressure has also been monitored with the CXDI method [13] . A 100 nm sized nanocrystal silver crystal under a 2.1 GPa pressure with ice VII phase serving as pressure transmitting medium. As the internal shear stress in ice VII phase is slightly above the silver strength, the activation of deformation as a function of time can be monitored with tens of namometer spatial resolution. In Fig. 2(c) , the four reconstructed images shows the shape and strain distribution measured at four consequent measurements at about 15 min apart. On the third measurement, we successfully observed the twinning formation from the original nanograin.
Two-dimensional Van der Waals compounds
As a new dimension, high pressure can be integrated with many current, exciting new frontiers and makes major impacts. Two-dimensional (2D) materials, such as graphene, transition metal dichacogenides (TMDs), hexagonal boron nitride (h-BN), phosphorene, and silicene, possess extraordinary properties that make them promising candidates for applications in electronic, optical, semiconducting, flexible devices, bio-/nano-sensors, drug delivery, and energy storage and harvesting material. These 2D materials have covalent bonding within each monolayer to hold atoms together, while the weak van der Waals force holds the inter layers together (Fig. 3) . Graphene, the 2D form of carbon atoms, has drawn much attention since 2004 when monolayer was mechanically exfoliated [2] . Suspended graphene exhibits extremely high electron mobility [14] , current density [15] , and thermal conductivity [16] , making graphene a promising candidate for a plethora of applications in flexible electronic devices, solar cells, ultra-capacitors, spintronics, to name a few [17] . However, graphene does not exhibit a bandgap that has restricted its applications in semiconductors and optical switches where a switchable or tunable bandgap is highly desirable. From the advent of graphene [18] , several 2D materials with diverse bandgaps and mobilities have been discovered including insulators like h-BN [19, 20] , semiconductors with a bandgap such as TMDs [21] and other elemental atomic materials such as silicene and phosphorene [22, 23] . In particular, TMD MX 2 compounds are formed by a layer of a transition metal atom (M: Mo, W, etc.) that are sandwiched between two layers of chalcogen atoms (X: S, Se, or Te) [21] . These layers are then bonded to each other by van der Waals force. Unlike graphene, TMDs exhibit a thickness-dependent bandgap. For example, monolayer 2HeMoS 2 has a direct gap about 2.0 eV, but bulk MoS 2 crystal possesses an indirect band-gap about 1.2 eV [24] .
A tunable bandgap and high carrier mobility are among the two fundamental physical properties of the aforementioned 2D materials that are most desirable for direct applications in electronic and optical devices. Black phosphorus also known as phosphorene in the few-layer limit is also poised to be the most attractive 2D material owing to its high carrier mobility approaching that of graphene, and its thickness tunable bandgap that can be as large as that of TMDs such as MoS 2 [22, 25] . Phosphorene may thus represent the much sought after high-mobility, tunable direct bandgap 2D layered crystal. However, when the number of layers in phosphorene goes down to a few layers, it becomes highly unstable and requires special protection to extend its life time making its applications rather limited. It is interesting to note that Percy Bridgman, who won the Nobel Prize in Physics in 1946 for his contributions in high-pressure physics, discovered black phosphorus in 1914 [26] , but the first scientific report about monolayer and few-layer phosphorene only came out a hundred years later in 2014 [22, 25] .
Stacking monolayers of different species of 2D materials together produces 2D heterostructures that have demonstrated a number of unique properties arising from interlayer interactions, including modified electronic structures and bandgaps [27] , spatially separated exciton [28] , phononephonon interactions [29] , and electron charge transfer [30] . In the scheme of 3D stacking with 2D layers, individual 2D layers are integrated into a 3D heterostructure where interlayer atomic interactions could be much greater than van der Waals force. On the other hand, two or more transition metals with similar properties can be alloyed into a new layered material such as ternary 2D TMD compounds that can exhibit distinctive physical and electronic properties.
Various strategies have been adopted to tune the electronic, optical, and phononic properties of 2D compounds, including electrical gate [31] , uniaxial and biaxial strain [32] , magnetic field [33] , temperature [34] , and hydrostatic pressure. In some 2D materials, the electronic bandgap and lattice structure of the material is tunable by adjusting the number of layers [24, 35, 36] , intercalation with other molecules [37e39], applied mechanical uniaxial and biaxial strain [40, 41] , stacked out-of-plane heterostructures [42, 43] , and in-plane 2D heterostructures [44, 45] . Comparing with other techniques, applied compressive strain under hydrostatic pressures onto the 2D materials can drastically shorten the interlayer distance and thus significantly enhance their interlayer van der Waals interactions, which in turn can result in fine-tuned changes in their properties. Specifically, applied hydrostatic pressure in a DAC has been recently shown to induce a number of intriguing physical phenomena in 2D materials experimentally and theoretically including metallization and superconductivity in bulk TMDs, bandgap opening and direct-to-indirect bandgap transition in monolayer MoS 2 [46] , strong charge transfer in hybrid graphene/MoS 2 , and enhanced doping and hydrogenation in graphene [47] . In general, application of pressure modifies the van der Waals interaction between stacking layers due to rearrangement or transfer of electron charge. In particular, high-pressure DAC with a soft pressure medium can be used to apply an extremely high compressive strain of up to 30%~50% onto the 2D materials with an internal energy increase in the order of 1 eV at hydrostatic pressures up to approximately 100 GPa. In comparison, such a hydrostatic pressure extreme without inducing any damage and/or chemical impurities to the system is almost an order higher than that in the traditional uniaxial and biaxial strain devices with a strain limit of~3%e4%. The DAC device has been coupled with in situ Raman spectroscopy, photoluminescence spectra, ultrafast laser spectroscopy, synchrotron X-ray spectroscopies, and electrical conductivity measurements to open up a new dimensionality for tuning the interlayer interaction to a great extent that may create a paradigm shift in our understanding of the physics of the 2D van der Waals compounds. Specifically, the strong intra-layered interactions induced by applied pressures changes our traditional prospective on the 2D materials as they are 3-dimensional connected under extreme compressive strain. A number of intriguing physics observed in previous high-pressure studies on 2D monolayers, heterostructures, and their bulk counterparts are summarized here:
Bandgap opening of monolayer TMDs
Bulk TMDs possess an indirect band-gap while monolayer TMDs can have a direct gap due to quantum confinement [24] . As shown in the analysis of the experimentally measured photoluminescence spectra, the direct bandgap of the monolayer 2HeMoS 2 increases approximately 12% from 1.8 eV at ambient conditions to 2.2 eV at~16 GPa [48, 49] (Fig. 3(b) ). First-principle density function theory (DFT) calculations further show that the bandgap of 2HeMoS 2 increases with increasing pressure, changes into an indirect bandgap, and eventually closes at pressures of approximately 68 GPa. The metallization transition is also predicted to occur in bilayer, trilayer, and multilayer 2HeMoS 2 under high pressure; the metallization pressure decreases with increasing the number of layers. This metallization transition in 2HeMoS 2 is predicted to be a result of the interaction of electron-donating sulfur atoms between the van der Waals gaps. For graphene, it has been shown that~1.0% uniaxial tensile strain on monolayers opens up a small bandgap of 100 meV [40, 50, 51] .
Metallization and superconductivity
Applied pressures on TMDs bring the layers closer and the c/ a axial ratio decreases dramatically with increasing pressure such that the interlayer interactions become much stronger. Recent experimental and theoretical studies on the pressuredependent electronic, vibrational, optical, and structural properties of multilayered TMDs such as MoS 2 [46] , WS 2 [52] , MoSe 2 [53] reveal an electronic transition from a semiconducting-to-metallic state at high pressures. The metallization arises from the overlap of the valance band maxima and the conduction band minima at the Fermi level owing to chalcogenide atom interactions as the interlayer spacing reduces. The critical pressure for metallization is predicted to scale proportionally with film thickness in the few layer limit. The emergence of superconductivity in 2D materials has also been [48] . Optical bandgap of 2HeMoS 2 increases in experimental observations, changes from direct to indirect, and is predicted to close at higher pressures [48] .
reported to occur in bulk 2HeMoS 2 and black phosphorus [54] at high pressures and low temperatures. The maximum superconducting temperature T c for bulk 2HeMoS 2 is 11.5 K at 90 GPa which is the highest T c among TMDs.
Phonon dynamics
The phonon dynamics of the monolayer and multilayer TMDs at high pressures have been investigated using laser Raman spectroscopy [46, 48, 52, 53] . Phonon hardening effects with pressure have been observed for both out-of-plane A 1g and in-plane E 2g modes. The in-plane E 2g is found to decrease in intensity with applied pressures while the out-of-plane A 1g is significantly enhanced. This is because the compression is more prominent along the out-of-plane c axis direction than the in-plane direction so the intralayer interactions are significantly enhanced at high pressures. The difference in Raman frequencies between the A 1g and E 2g modes as well as the FWHM of the Raman peaks are used to differentiate the occurrence of the metallic state from the semiconducting state. A peculiar feature observed in graphene/MoS 2 heterostructure is that A 1g and E g peaks are almost identical to that of monolayer MoS 2 at high pressures, indicating that optical phonon modes in MoS 2 are not affected by enhanced interlayer charge transfer.
Charge transfer and doping
Based on theoretical and experimental investigations, charge transfer from graphene to 2HeMoS 2 has been observed to occur in monolayer graphene/MoS 2 heterostructure under hydrostatic pressures. This charge transfer causes an upward shift in the Dirac point with respect to Fermi level at high pressure leading to heavy p-type doping with a significantly enhanced carrier concentration. The estimated carrier concentration from applied pressure on the graphene/MoS 2 heterostructure is estimated to be two orders of magnitude higher than that of pristine graphene at ambient conditions. Consistent with theoretical predictions, highpressure Raman studies of the graphene/MoS 2 heterostructure also show that the G band of graphene is strongly dependent on pressure at a rate much higher than that of the suspended graphene indicating a charge transfer from graphene to MoS 2 . On the other hand, hydrogenation and chemical reaction between sp 2 -bonded graphene and hydrogen have been observed to occur by heating graphene in molecular hydrogen in a high-pressure DAC at 3e5 GPa. This reaction has been suggested to promote the formation of graphene's purely sp 3 -bonded analogue, graphane, potentially allowing the synthesis of other novel forms of 2D materials [47] . These aforementioned results highlight that applied hydrostatic pressure can be an effective means of achieving controllable, pressure-induced charge transfer, doping, and reaction in the 2D compounds and their heterostructures.
High pressure chemistry
It is well known that pressure is an important thermodynamic parameter for chemical reaction equilibrium and reaction kinetics. According to the van't Hoff equations, increasing pressure is beneficial to the reactions with negative reaction volume and will accelerate the reaction with negative activation volume. In the past, most studies are focusing on the effect of pressure on the reaction in the pressure range from several to several hundreds of MPa. The reactions are still progressing in the solution, gas phase or superfluid, which are strongly affected by diffusion and collision. In this part, we will discuss the chemistry in the range of 1e100 GPa, which will dramatically modify the electronic structure of reactants and result in novel reaction kinetics and reaction mechanisms.
The high pressure induced chemical reaction exhibits several new features: 1. The reactants tend to form more chemical bonds because of the compression of volume. 2. Diffusion of atoms is significantly suppressed if not heated up, which kinetically stabilizes the meta-stable compounds, and promotes topochemical reactions. The reaction highly depends on the local structure in the crystal of reactant, and the selectivity of the reaction will be modified dramatically. Usually the reaction with the least atom movement is most likely to proceed. 3. Applying pressure can activate the reactant molecules by forcing them to approach each other, just like applying high temperature will make more intense collisions between the molecules. The reactions will proceed when the reactant molecules overcome the energy barrier, or when pressure is released and more space for reaction is provided. In the following, we will briefly review the high pressure chemical reaction in several systems.
Ionic compound

Group 17
Alkaline metal halides are typical ionic compounds. Under high pressure we cannot simply understand the crystal structure and even the chemical composition using the classical chemistry. Weiwei Zhang et al. found that a series of new compounds including Na 3 Cl, Na 2 Cl, Na 3 Cl 2 , NaCl 3 and NaCl 7 are theoretically stable (Fig. 4) . The orthorhombic NaCl 3 and two-dimensional metallic tetragonal Na 3 Cl were identified by Raman spectroscopy and X-ray diffraction (XRD) in laser-heated diamond cell [55] . The polychloride Cl À and Na þ tend to have identical radii, which makes the non-stoichiometric packing much easier.
Group 15
The phase transitions of azide are well investigated due to the potential applications as energetic materials. It is predicted that the alkaline azides will polymerize to form N 6 rings and polymeric nitrogen skeletons under high pressure [56, 57] . On the other hand, by controlling the decomposition of azide under high pressure, metal diazenide can be synthesized [58, 59] . In this process, high pressure is critical to prevent the complete decomposition, which reminds us the significant effect of pressure on the kinetics.
Group 14
The carbides show more intriguing chemistry under extreme conditions due to the bonding property of carbon. In the CaeC system, five new compounds including Ca 5 C 2 , Ca 2 C, Ca 3 C 2 , CaC and Ca 2 C 3 , and three polymorphs of CaC 2 including 1D chain, ribbon and 2D graphite were predicted [60, 61] . Two of them (Ca 2 C and Ca 2 C 3 ) have been confirmed by in-situ XRD at the pressure up to 25 GPa and temperature up to 2000 K. In the MgeC system, Mg 2 C containing the unusual C 4À anion was synthesized at pressures between 15 and 30 GPa and temperatures of 1775e2275 K, and it is fully recoverable to ambient conditions [62] . Polymorphs of BeC 2 and MgC 2 containing five-membered carbon ring were predicted to be stable under high pressure [63] . BaC 2 and Li 2 C 2 are found to amorphize under high pressure, probably polymerized [64, 65] . A common structural feature is that the unsaturated acetylide anions tend to polymerize to decrease the volume.
Another important group of unsaturated salt, cyanide, also polymerizes upon compression. NaCN is found to amorphize and polymerize above 25 GPa according to the Raman spectroscopy. The Prussian blue compounds have a much lower amorphization pressure, around 2 GPa [66, 67] . The CN À in K 3 Fe(CN) 6 can react with each other at pressure above 4 GPa and generate connected C]N bonds, which results in the enhancement of the electronic conductivity by~3 orders of magnitude, to~10
À4 S cm À1 [68] .
Molecular compound
4.2.1. Simple small molecular compound Unsaturated molecules like N 2 , CO 2 , and O 2 will polymerize under high pressure, and most of the products will decompose when pressure is released. The bonding between the neighboring molecules will decrease the volume significantly, which is the driving force of the reaction. O 2 turns into monoclinic ε-phase at 10 GPa in which four O 2 molecules combine into a O 8 unit [69] . The molecular cluster is held together by weak chemical bonds, which was confirmed by the inelastic X-ray scattering [70] . N 2 is very inert at ambient condition and the dissociation energy is very high. Thus, the NeN single bond based polymer will release huge energy when it decomposes. At above 2000 K and above 110 GPa, the crystalline form of nonmolecular nitrogen was obtained, which is proved to be the cubic gauche structure (cg-N) [71] . CO and N 2 are isoelectronic, but the polymerization pressure is much lower [72, 73] . The product is a random polymer made of lactonic entities and conjugated C]C bonds, which is an energetic material that can be recovered to ambient pressure [72] . CO 2 is another important compound with p bonds. Above 30 GPa and 1800 K, a nonmolecular phase named as CO 2 eV was formed, which has a b-cristobalite structure with the space group I-42d [74, 75] . It could quench down to 1 GPa at 300 K and convert to the molecular form at lower pressure. Another nonmolecular phase, CO 2 -VI, was obtained by isothermal compression of CO 2 -II above 50 GPa at 530e650 K [76] . It has a stishovite-like structure with 6-coordinated carbon atoms.
Complex molecular compound
Benzene (C 6 H 6 ) starts to polymerize at 21 GPa and a white solid can be recovered to ambient pressure. This transformation was confirmed to involve an opening of benzene rings leading to a highly cross-linked polymer [77] . It turns out to be an amorphous C:H network containing both sp 2 -and sp 3 -bonded carbon [78] . By controlling the decompressing rate, a crystalline one-dimensional sp 3 carbon nanomaterial can be obtained, and it is found that the polymerization proceeds through a [4 þ 2] DielseAlder cycloaddition reaction followed by intramolecular 'zipper' cascade reaction (Fig. 5 ) [79] . The reaction process is considered to contain the excimers produced by the charge-transfer process and the dimerization is the first stage of benzene amorphization [80] . The formation of the dimers is driven by lattice motions and the reactive contact between C atoms of nearest molecules is about 2.6 Å [81] .
Acetylene is the simplest alkyne (containing C^C bond) and the polyacetylene has very high conductivity. Due to the confined environment under high pressure, high conformation selectivity is expected. At room temperature, acetylene polymerizes at around 3.5 GPa, producing trans-polyacetylene dominated product [82] . At liquid nitrogen temperature, acetylene polymerizes into cis-polyacetylene at around 12 GPa, which transforms to trans when warmed up to room temperature [83] . The possible reaction path is proposed based on the crystal structure [81] . Laser may affect the polymerization product which will result in branching [84, 85] . More efforts are still needed to control the reaction condition to obtain the ordered product such as the single crystal polyacetylene. Modified acetylenes can also polymerize under high pressure, but with different pressure. For example, the cyanoacetylene undergoes polymerization at pressure above 1.5 GPa [86] while phenylacetylene is above 8 GPa [87] .
Different from the alkyne, the C^N triple bond is characterized by a large dipole moment, and the arrangement of nitriles in crystals is thus affected. HCN molecules crystallize into linear chains with a head to tail alignment by strong hydrogen bonds [88] . Above 1 GPa, it polymerized into a product similar to the azulmic acid 5 [89] . The resulted amino and cyano groups indicates that the reaction involves the hydrogen migration.
High pressure chemistry reaction assisted by photochemistry
With optical excitation molecules can be exited and the molecular structure may thus be changed, which may decrease the intermolecular distance required for the chemical reaction and thus decrease the reaction pressure. The special molecular configuration may also suppress competitive reaction paths and increase the selectivity of the reaction.
The first example is about the pressure-induced polymerization of benzene in the presence of irradiation. Optical excitation decreases the reaction pressure of benzene from 23 GPa to 16 GPa without changing the product [80] , indicating that the activation into an appropriate electronic state is in essence equivalent to an increase of the pressure.
Another example is about the polymerization of butadiene which shows that combining the optical excitation with pressure significantly increased the selectivity of the reaction. At 0.7 GPa, the butadiene dimerizes into vinylcyclohexene and only a trace amount of polybutadiene forms. By irradiation the high pressure sample at 488 nm, the dimerization was inhibited completely by the subsequent two-photon absorption in the 2 1 A g (S 1 ) state and pure trans-polybutadiene was obtained [90] . In the S 1 state, the molecule is stretched and the rotational barrier around the double bonds is lowered, which favors the polymerization along the molecular backbone (Fig. 6) .
High pressure is a powerful method to induce and control chemical reactions, and is also a good technique to study the reaction process by pushing the molecule to approaching each other gradually. Novel materials can be obtained under extreme condition and this will be expanded further when we combined the high-pressure condition with the other reaction conditions such as the light irradiation and temperature. For example, high temperature will accelerate the diffusion, which will disturb the topochemical reaction process but helps the product to get crystallized. Although some interesting results have been already obtained, this area is still in the beginning stage. From the view of chemical and material synthesis, the main challenge is how the reaction under high pressure can be controlled by the experimental condition. Thus, the microscopic reaction mechanisms including the crystal structure (intermolecular distance and orientation) and the electronic structure at the threshold pressure need to be understood. In addition, the fine control of the quality of the reactant is also important because the disorder, stress and crystal defect will also affect the reaction pressure and reaction path [89] .
Rheological study of Earth and planetary materials
Generation of high pressure and high temperature are crucial for experimental study of the Earth and planetary interior because of the extreme pressure and temperature conditions deep inside planets. While high pressure techniques described so far has enabled achieving the pressure/temperature at the center of Earth (about 360 GPa and 6000 K) using a DAC, studies of rheological properties of the Earth and planetary materials under controlled strain rate (creep experiments) have been limited to pressures nearly an order of magnitude lower than this achievable condition in a DAC (Fig. 7) . Traditional stress-strain creep experiments using Paterson and Griggs apparatuses supply cylindrical stress field (s 1 ¼ s 2 s s 3 ) in gas and solid confining pressure medium respectively. However, the Paterson gas-medium apparatus [91] can only achieve a confining pressure of 0.5 GPa (equivalent to the pressure at approximately 15-km depth in the Earth) whereas the modified piston cylinder Griggs apparatus [92] with solid pressure medium is limited to a maximum pressure of 4 GPa (equivalent to approximately 135-km depth). The creep experiments using these apparatuses can be conducted under either constant stress or constant strain rate. The pressure barrier for creep experiments was broken by the development of new deformation apparatuses in conjunction with synchrotron X-ray sources [93] . D-DIA [94] and D-Tcup [95] supply cubic and octahedral stress fields respectively, which are practically approximate to cylindrical symmetry with s 3 being independent to s 1 and s 2 . The creep experiments with these apparatuses are mostly done with constant strain rate and the maximum pressure can reach 20 GPa in D-DIA [96] and 17 GPa in D-Tcup [95] (equivalent to the pressures in Earth's transition zone). Principally different from all these apparatuses, the rotational Drickamer apparatus (RDA) [97] supplies a combination of shear and uniaxial stresses on to a ring-shape sample. Except the complication of stress and strain geometry, RDA has advantages of higher achievable pressure and unlimited total strain for creep experiments. A pressure of 28 GPa equivalent to that in Earth's lower mantle has been achieved recently in a RDA.
Rheological law for dislocation creep in olivine
As a dominant mineral in the upper mantle, olivine has been extensively studied for understanding the dynamics of the mantle flow. However, rheological properties of olivine are not well constrained mainly because of the difficulty in acquiring quality experimental data at high pressures. Plastic deformation in olivine occurring in the mantle proceeds mainly through migrations of crystal dislocations, i.e. dislocation creep. Under a differential stress, a dislocation propagates along a particular direction (slip direction) within a slip plane. A combination of a slip plane and slip direction defines a slip system. The strain rate for dislocation creep is described by the Orowan equation (flow law) [98] :
where b is the length of the Burgers vector (the unit displacement associated with a dislocation), r is the dislocation density (the total length of dislocations per unit volume) and y is the dislocation velocity. At high temperature, this equation becomes an exponential function [98] :
where A is a constant, s stress, E the activation energy, V * the activation volume for dislocation motion, R the gas constant, and the stress exponent n ranges between 3 and 5. Therefore, measuring steady state stress-strain rate relation becomes essential to establish the flow law of a mineral. Practically, the activation energy E is often determined independently to the activation volume V * by measuring stresses and strain rates at different temperatures and a constant pressure; and the activation volume V * is determined at different pressure and a constant temperature.
Activation energy for dislocation creep in olivine
Early experiments by Chopra and Paterson [99] using Paterson gas-medium apparatus yield an activation energy ranging from 444 kJ/mol to 498 kJ/mol for olivine (dunite) aggregate. Mei and Kohlstedt [100] later reported that this value of the activation energy is slightly higher (510 kJ/mol) in their experiments using the same apparatus. Hirth and Kohlstedt [101] conducted single crystal creep experiments and realized the easiest slip system in olivine also takes a similar activation energy, 520 kJ/mol. Experiments conducted at higher pressure (1e2 GPa) by Karato and Jung [102] using Griggs apparatus achieved a very consistent value, 510 kJ/mol, of the activation energy for olivine aggregate. All these measurements were based on directly monitoring force and position of the piston that introduces displacement to the sample. Therefore the confining pressure is low. Application of high energy synchrotron X-rays that can penetrate solid-medium without interference with pressure generation to measure sample stress and strain remarkably increase the confining pressure for creep experiments. New measurements were conducted at pressures up to 9.6 GPa using RDA by Kawazoe et al. [103] and D-DIA by Durham et al. [104] and Li et al. [105] . With reference to the previous low pressure data, they inferred the activation energy to 530, 500 and 470 kJ/mol respectively. Up to date, majority of the measurements with different experimental techniques indicate that the activation energy of dislocation creep in olivine aggregate lies in a range of 450e530 kJ/mol. Distinctly lower values of 104e112 kJ/ mol and 133 kJ/mol were obtained in high pressure (3e8 GPa) D-DIA experiments using forsterite single crystals by Raterron et al. [106] and using polycrystalline San Carlos olivine by Hilairet et al. [107] respectively. Raterron et al. [106] attribute the low activation energy to pressure-induced dislocation cross-slip mechanism. Karato [108] argued that the Peierls mechanism rather than power-law creep may be responsible for such low activation energy values. Further investigations are needed to clarify this anomaly in experimental results.
Activation volume for dislocation creep in olivine
Compared to the results of activation energy, experimental values of the activation volume for dislocation creep in olivine are much more diverse, ranging from 0 to 27 cm 3 /mol. The early experiment using Griggs apparatus by Ross et al. [109] indicated an activation volume of 13.4 cm 3 /mol in the pressure range of 0.5e1.5 GPa. Green and Borch [110] later modified the value to 27 cm 3 /mol based on their data from 0.6 to 2.0 GPa. Karato and Jung [102] restated that it is more reasonable to consider 14 cm 3 /mol to be activation volume according to their experiment using the same type of apparatus (0.3e2.0 GPa). On the other hand, based on the study of silicon or oxygen diffusion in olivine as a function of pressure (5e10 GPa), B ejina et al. [111] reported that the activation volume of olivine is close to 0 cm 3 /mol. Subsequent creep experiments at high pressures up to 8 GPa using D-DIA by Li et al. [105] (on polycrystalline olivine) and by Raterron et al. [106] (on forsterite single crystal) confirmed this low activation volume value (<5 cm 3 /mol). However, in later experiments using the same instrument, Durham et al. [104] showed that the activation volume can be as high as 9.5 cm 3 /mol from their polycrystalline experiment in the pressure range of 2.7e4.9 GPa; and Raterron et al. [112] reported that the activation volume for the easy slip systems [100] (010) and [100] (001) is 12 cm 3 /mol according to their olivine single crystal creep experiment at 3.5e8.5 GPa. In a RDA creep experiment from 4.9 to 9.6 GPa, Kawazoe et al. [103] claimed that their creep data may yield an activation volume between 15 cm 3 /mol and 20 cm 3 /mol. Accounting for the result from recovered experiments, 6 cm 3 /mol from Karato et al. [113] (up to 10 GPa), 11 cm 3 /mol from Kohlstedt et al. [114] at 0.5 GPa (or 19 cm 3 /mol corrected by Karato [115] ), and 14 cm 3 /mol from Karato and Ogawa [116] (up to 2 GPa) and Karato and Rubie [117] (0.3e15 GPa), the experimental results for the activation volume of dislocation creep in olivine scatter all over from 0 to 27 cm 3 /mol. Green and Borch [110] suggested that the activation volume may vary as a function of pressure. Fig. 8 shows a summary of the experimental results of measured activation volumes together with calculated estimates of the pressure effect based on the change of bulk modulus along the mantle geotherm and the change of the liquidus of peridotite with pressure by Hirth and Kohlstedt [101] . The trend of change in the viscosity as a function of pressure is quite divergent. As shown in Fig. 9 , when the activation energy changes from 5 cm 3 /mol to 25 cm 3 /mol, the expected viscosity may differ nearly 3 orders of magnitude at the pressure equivalent to that at bottom of the upper mantle.
Significant advances in technological development for the study of rheological properties of Earth and planetary materials have been made. Increase of the achievable pressure for creep experiments enables us to expand the research from the Earth's crust conditions to deep mantle. Nevertheless, refinements of the technique to improve the reliability of experimental data are still indispensable in order to comprehend accurately the Earth and planetary interiors.
Deformation under extreme environments
Extreme environments usually give rise to the special modifications in the properties of materials. In this section, we mainly review the deformation of materials under high pressure compression. We focus on the plastic deformation of nanomaterials and Earth materials because a great amount of significant work were reported in last decade. Ramp compression can generate atomic pressure and involve the contribution of inner-shell electrons, possibly opening up the new chapters of physics. Some ramp work is highlighted although not much deformation studies with the ramp compression method are available.
Plastic deformation of nanomaterials
Understanding the plastic deformation of nanocrystalline materials is a longstanding challenge. Variously controversial observations have been reported. Post-deformation analysis of compressed or indented nanocrystalline nickel does not indicate major dislocation debris [118] , whereas dislocations are observed in 10 nm nickel and 9 nm platinum particles [9, 119] . Deformation twinning and disclination have also been observed on nanocrystals [120e123]. Although it is commonly believed that the intrinsic deformation behaviors of nanomaterials arise from the interplay between defects and grain-boundary (GB) processes [123, 124] , the precise tradeoffs between these deformation mechanisms are still unclear. It has been proposed that below a critical length scale the strength of nanometals would exhibit a reverse Hall-Petch size dependence because in the plastic deformation of fine nanocrystals, dislocation activity gives way to grain boundary sliding, diffusion, and grain rotation [125, 126] . In contrast, twin thickness has been found to affect the maximum strength of copper, implying that the plastic deformation of nanomaterials is not necessarily related to GB-mediated processes [122] . Indeed, it has been proposed that dislocation nucleation governs material softening in nano-twinned metals [121] . For a long time, in situ observation of plastic deformation in ultrafine nanocrystals has been difficult, precluding the direct exploration of mechanics at nanometer scales. With the radial diamond-anvil cell (rDAC) X-ray diffraction technique, which is a relatively recently developed technique for geophysical research, Chen and co-workers have plastically deformed nickel particles of 500, 20 and 3 nm diameter to pressure above 35 GPa [127] and observe in situ the texture development during plastic deformation (Fig. 10 ). Significant texturing is observed at pressures above 18.5 GPa for 3 nm nickel, indicating that under high external pressures, dislocation activities can be extended down to a few-nanometer length scale. The size of nanocrystals has long been viewed as providing a limit on dislocation activity and associated deformation. Dislocation-mediated plastic deformation and texturing are expected to become inactive below a critical particle size, which is often thought to be between 10 and 30 nm based on computer simulations [126] and TEM analysis [128] . The new finding in ultrafine nickel [127] is at odds with the conventional belief that dislocation activities stop below 10 nm or even larger particle sizes. Over many decades, dislocations have never been considered as the main plastic deformation mechanisms of ceramics at low temperature. According to classical theories [129] , ceramics are brittle mainly because dislocation activity is suppressed by cracking, whereas it is believed that nanoceramicsmay exhibit improved ductility due to greatly increased diffusivities [130] . The in situ texturing and TEM observations of stressed bulk-and nano-sized spinel ceramics indicate that dislocation activities become operative in nanoceramics. This new finding adds new knowledge on the deformation of materials: the role of dislocations cannot be ignored in nanoceramics.
Plastic deformation of Earth materials
The geological processes such as plate tectonics and mantle convection involve the plastic deformation of Earth materials, therefore understanding the plastic deformation of minerals and rocks are the important part of research work on Earth science [131] . Because of the relatively low pressure and temperature of the Earth's crust, the rheological properties of crustal materials are more accessible than those of the materials of the core and mantle. For the plastic deformation of Earth materials under extreme condition, here we mainly talk about the Earth's core and mantles. The Earth core is mainly made of iron and small concentration of light elements. The outer core is thought to be made of liquid and so its deformation does not play an important role in the core dynamics. The inner core is solid iron or ironrich alloy possibly with a hexagonal close packed structure [132] . The seismic anisotropy and seismic wave attenuation suggest that dislocations creep is the possible deformation mechanisms of the inner core [133e136]. Some attempts have been made to measure the deformation of hcp iron at high pressure and high temperature condition [137, 138] , however, meaningful relevance still demands the deformation investigation made at the real pressure and temperature condition of the Earth core.
Because of the huge volume, the Earth's mantle plays an important role in the dynamics and evolution of the planet. The lower mantle of Earth is composed mainly of (Mg,Fe) SiO 3 perovskite and (Mg,Fe)O. Miyagi and co-workers found that when MgSiO 3 post-perovskite is compressed from 148 to 185 GPa, the preferred orientation associated with slip plane (001) is more than doubles in strength [139] . This contrasts with a previous experiment that recorded preferred orientation likely generated during the phase transformation rather than deformation. The plastic deformation experiments of polycrystalline MgGeO 3 post-perovskite at pressures up to 130 GPa suggest (010) as a slip plane [140] . The lattice planes near (100) become aligned perpendicular to the compression direction, suggesting that slip on (100) or (110) dominated plastic deformation. A numerical model of seismic anisotropy in the D 00 region implies a maximum contribution of postperovskite to shear wave splitting of 3.7% with an oblique polarization. The transition zone of Earth's mantle is made mainly of high-pressure polymorphs of olivine and pyroxenes. Dislocation creep is thought to be the main deformation mechanism [141] , however, Karato et al. [142] reported the evidence for dislocation-diffusional creep in ringwoodite. Diffusional creeps seem to be favored in the fine-grained samples. The effect of water on the deformation of these minerals has attracted some interests but there is still no consensus on it [143, 144] .
Shockless compression of materials
Achieving the cool dense states of matter with high energy density, applicable to planetary interiors, for example, has been long experimentally difficult. In recent years, a technique named ramp compression emerged for this purpose [145e147] . By sending a laser-induced shock wave through a pre-compressed sample inside a diamond-anvil cell, pressures to the 10-to 100-TPa can be achieved. Such investigations provide the knowledge that is relevant to planetary science, testing first-principles theories of condensed matter, and experimentally studying a new regime of chemical bonding. Admittedly, in-situ probing of materials properties during ramp compression is still limited. For instances, the deformation investigations of ramp compressed materials are very rare, leaving great spaces for future exploration. Here we introduce several representative pieces of work although they are not much specifically relevant to the deformation studies.
In the ramp compression of water, Lee and co-workers observed the onset of opacity followed by enhanced reflectivity in the initially transparent water [148] . The onset of reflectivity at infrared wavelengths can be interpreted as a semiconductor↔electronic conductor transition in water, indicating that conductivity in the deep interior of "icy" giant planets is greater than realized previously because of an additional contribution from electrons.
By applying laser-driven shocks to statically compressed helium, EOS data have been obtained with sufficient accuracy to test theoretical predictions [149] . Tuning the precompression before shock loading enables the measurement of a family of Hugoniots, which can test EOS models over a broader range than the principal Hugoniot alone, and can separate the effects of temperature and density on the EOS. The SCVH model used for astrophysical applications is found to agree well with the experimental data. In a following ramp compression experiment, P. M. Ceiller et al. observed the insulator-to-conducting transition in dense fluid helium [150] . This work provides a benchmark to test the models that describe helium ionization at conditions found in astrophysical objects, such as cold white dwarf atmospheres.
In the laser-driven ramp compression on hydrogen and deuterium [151] , the observations of shock velocity and thermal emission provide complete equation of state data (pressure, density, internal energy, and temperature) in the dense fluid regime up to 175 GPa. Specific heat and Grüneisen coefficient are calculated directly from the data and compared to theory. It is found that the continuous transition from an electrically insulating to conducting fluid state is increasingly sensitive to temperature with increasing density. In a recent report on a ramp compression of deuterium [152] , Knudson et al. presented the direct observation of an abrupt insulator-tometal transition in dense liquid deuterium, well advancing the work of the metallization of hydrogen.
Conclusion
The above examples show the universal impact of pressure to a broad spectrum of multidisciplinary physical sciences. To fundamental physics and chemistry, pressure provides a powerful and extensive knob for simultaneously tuning all structural, electronic, magnetic, optical and elastic properties, thus providing critical tests for hypotheses and theories relating these properties. Pressure can greatly enhance the studies of newly emerged topics such as the examples of 2D materials. Pressure is also used for discoveries of novel phenomena, and for breakthroughs of new records. For instance, the recent news of record high superconducting temperature of 203 K in high-pressure hydrogen sulfide [153] has led to great excitement among the superconductor research community. To materials science, the extremely useful properties, such as materials of ultrahigh hardness [154, 155] , at high pressures can often be preserved (quenched) to ambient conditions for applications. Even when it is not quenchable, the knowledge garnered at high pressures can often be used for room pressure synthesis with alternative chemistry. For Earth and planetary sciences, the vast majority parts of these bodies are in their deep interiors under high pressures. High-pressure research is essential for understanding their internal structures and processes. With the rapid development and integration of highpressure tools, we may expect major booms in all these frontiers at high pressures that lead to advances in each individual discipline.
